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Abstract—Non-linear acoustic waves were used to excite 
propagating waves on a curved biological membrane. A non-
contact method was used to measure the displacement of the 
membrane at the pickup point. The frequency content, time-of-
flight, and amplitude of the wave travelling across the membrane 
at the measurement location were studied as a function of 
incidence angle of the shockwave for different pressures inside a 
vessel bounded by the membrane.  Detecting the peak frequency 
of the pickup signal provided the most accurate estimate of the 
pressure inside the vessel. 
I. INTRODUCTION 
Acoustic radiation force from air-coupled focused 
ultrasound has been used to excite propagating waves on a 
surface of biological tissue [1-2]. We used a non-linear acoustic 
wave (shockwave) based excitation to generate a propagating 
wave that travelled across a curved biological membrane. Our 
study investigates the robustness of the non-contacting method 
that determines the pressure inside a vessel bounded by the 
membrane. Biological tissues commonly exhibit nonlinear 
stress-strain behavior [3-5], which manifests as increased 
Young’s modulus as a function of increased pressure in the 
vessel. This affects the velocity and frequency content of the 
wave propagating on the membrane [6]. Peak frequency and 
time-of-flight of the propagating wave were studied as a 
function of incidence angle of the exciting shockwave to find 
an analysis method that provides accurate results and high 
sensitivity in the studied case. 
II. MEASUREMENTS 
A. Excitation method 
Non-contact excitation of propagating waves on a 
membrane was launched with a shockwave created with a 
triggerable three-electrode high-voltage 1.8 kV spark gap. The 
shockwave was coupled into a waveguide and guided close to 
the membrane. The shockwave is followed by turbulent air flow 
and a propagating air vortex ring created at the end of the 
waveguide. A shockwave reflector was added to the end of the 
waveguide to change the direction of the shockwave. This 
allowed us to separate the shockwave and the vortex ring, 
because only the shockwave is efficiently reflected. 
 
An experiment was done to demonstrate the behavior of 
shockwave-based signals. The distance from the waveguide to 
the membrane was increased in 100 µm steps while keeping the 
excitation location constant. A new excitation and 
measurement were performed at each distance. Schlieren 
imaging was used to align the waveguide and the shockwave 
reflector by verifying the propagation direction of impinging 
the shockwave and the excitation location on the membrane 
during the measurement.  
 
B. Experimental setup 
A straight dual-field-lens (f = 200 mm) stroboscopic 
schlieren arrangement [7] visualized and measured speed of the 
shockwave, and the direction of the incidence angle of the 
shockwave onto the membrane. Stroboscopic measurements 
revealed the speed of the shockwave travelling towards the 
membrane. The stroboscopic schlieren setup includes an USB-
camera (IDS UI-3480CP), a custom-made LED pulser, a green 
LED and a signal generator (Tektronix AFG 3252). The LED 
was pulsed multiple times at 400 kHz for each produced 
shockwave to determine the shockwave speed from the 
propagation distance between pulses. The spark gap creating 
the shockwave was triggered with a thyristor driven by a FET 
connected to an Atmega328p microcontroller. A current 
transformer triggered the signal generator feeding the LED 
pulser with a controlled pulse frequency and delay. 
 
The setup for non-contacting measurements of the wave 
travelling across the membrane consists of a laser Doppler 
vibrometer (Polytec OFV-5000 with OFV-534 laser unit) and 
an oscilloscope (LeCroy HDO6104). The LDV measured the 
membrane displacement when the propagating wave passes the 
pickup point and the oscilloscope measured the output signal of 
the LDV. These measured signals were used to determine the 
amplitude, time-of-flight, and frequency content of the excited 
wave after it had propagated across the membrane.  
 
Fig. 1. Illustration of the experimental setup. 
The schlieren image in Fig. 2 shows the incident shockwave 
propagating in air 2 µs before contacting with the membrane, 
whereas Fig. 3 shows the reflected shockwave after the 
excitation. The incidence angle increases as the shockwave 
reflector is turned counterclockwise. The incidence angle is 0° 
when the propagation of the shockwave is normal to the 
membrane surface at the desired excitation location.  
 
 
Fig. 2. Schlieren image of the incident shockwave at θ = -20°. 
 
Fig. 3. Schlieren image of the reflected shockwave. 
The recorded signals were analyzed in Python 3.6.8. A fast 
Fourier transform was performed on each signal to detect the 
peak frequency of the wave travelling across the membrane. 
The time-of-flight of the signals was calculated by detecting the 
position of the maximum amplitude in the envelope of the 
signal. The peak-to-peak displacement amplitude of the 
membrane at the pickup point was also calculated. These three 
values were studied separately as a function of incidence angle 
and pressure inside the vessel. This allowed us to create a 
calibration curve for estimating the pressure inside the vessel. 
 
III. RESULTS 
Measurements for shockwave-based excitation as a 
function of reflector-membrane distance for constant excitation 
amplitude, location and pressure inside the vessel are shown in 
Fig. 4. The red line in represents how the signal is expected to 
move in time for shockwave-based excitation. This increase in 
time-of-flight of the signal is calculated from the measured 
speed of the shockwave in Fig. 5. This is possible since only the 
reflector-membrane distance is altered. Hence the shift in time-
of-flight depends only on the speed of the shockwave used as 
an excitation method.  
 
 The maximum increase in propagation time of the 
shockwave is 20 µs, which is insignificant compared to the 
measured time-of-flight of the wave propagating on the 
membrane. The shockwave-based excitation is robust because 
aligning the waveguide and the reflector is not critical across 
repeated measurements as small differences in the propagation 
distance of the shockwave through air introduces no significant 




Fig. 4. Locally measured membrane displacement as a function of time-of-
flight across the membrane and distance between the shockwave reflector and 
the membrane. 
Light Source and condensing 
optics
Adjustable Slit 





ƒ = 200 mm
LED Camera




















Fig. 5. Shockwave speed in air as a function of propagation distance from the 
reflector. 
 
Fig. 6 and 7 shows peak frequency and the time-of-flight of 
the waves on the membrane after propagation distance of 7 mm 
across the membrane as a function of incidence angle of the 
shockwave. The pressure inside the vessel bounded by the 
biological membrane is presented in each case. Both peak 
frequency and time-of-flight increase as a function of increasing 
incidence angle. 
The relative change in time-of-flight as a function of 
incidence angle for each pressure is greater than the relative 
change in peak frequency. The acceptable uncertainty in angle 
of incidence is small for the time-of-flight-based analysis. The 
sensitivity of the measurement decreases with increasing 
pressure inside the vessel. For example, in the pressure range 20-
30 mmHg an uncertainty of 15° makes it hard to distinguish 
signals from each other. Altering the angle of incidence does not 
significantly change the peak frequency. Hence, a peak 
frequency based analysis method is superior to a time-of-flight 
method. 
 
Fig. 6. Peak frequency of the picked up membrane wave as a function of 
incidence angle.  
 
Fig. 7. Time-of-flight of the picked up membrane wave as a function of 
incidence angle. 
 
Fig. 8. Peak-to-peak displacement amplitude of the picked up membrane wave 
as function of incidence angle. 
 
 Fig. 8 presents the maximum displacement of the membrane 
at the pickup point. The relative change in displacement is 
higher than the relative change in peak frequency and in time-
of-flight for half of the studied range of incidence angles. 
Sensitivity to change in pressure is insignificant with 
shockwave-based excitation, which renders this method 










Shockwave-based excitation provided a robust method to 
excite propagating waves on a curved biological membrane. We 
used these waves to estimate the pressure inside a vessel 
bounded by the membrane. The peak frequency of the picked up 
membrane wave provided the most accurate way to estimate the 
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